Background: Monocular autorefraction is a newly available technology for vision screening that has been advocated to test young children. Such devices automatically determine the refractive state of each eye, but cannot directly detect amblyopia or strabismus.
A
MBLYOPIA, WHICH AFfects 3% to 5% of all children, is decreased vision that remains even after any underlying ocular condition is corrected. 1, 2 Early detection of amblyopia is important because the success of treatment decreases with age. 3 Common causes of amblyopia include strabismus (misalignment of the eyes), high hyperopia (far-sightedness), and anisometropia (refractive difference between each eye). 2 Less common causes include ptosis and cataracts. 2 Preschool vision screening for the detection of amblyopia is widely endorsed 4 ; however, little is known about the optimal screening strategy. The rate of vision screening in the primary care practice setting is low, [5] [6] [7] we believe in part because of unanswered questions about the feasibility of screening the vision of young children and because of concern about overreferral owing to the perceived low specificity of screening.
Automated and semiautomated vision screening devices may improve both the rate and quality of preschool vision screening in the primary care practice setting. Screening with these devices requires little participation on the part of the child and may be more accurate than traditional vision screening tests.
One example of this emerging technology is monocular autorefraction, in which a device determines the refractive state of each eye. Autorefraction only detects refractive error; not all cases of amblyopia, strabismus, cataracts, or ptosis have associated refractive error. A previous case series suggests that up to half of the cases of amblyopia caused by strabismus are not ac-companied by refractive error. 8 It is also possible that significant hyperopia or anisometropia could be missed owing to accommodation (focusing effort) during the screening process. Dilation can be used to overcome accommodative effort 2 ; however, this would limit the usefulness of monocular autorefraction as a screening test in the primary care practice setting.
To our knowledge, only one previously published study has evaluated the accuracy of a commercially available monocular autorefractor (SureSight; Welch Allyn Medical Products, Skaneateles Falls, NY) to detect amblyopia or other significant visual impairment among preschool-aged children. 9 In this study, optometrists or ophthalmologists who had received extensive training in vision testing screened children aged 3 to 5 years enrolled in Head Start, some of whom had previously failed vision screening, with a battery of different tests and then performed a comprehensive eye examination. Of the 1446 preschoolers evaluated by monocular autorefraction, more than 99% were testable. The sensitivity depended on the severity of visual impairment, from 96% for the conditions the investigators considered most important for early detection to 63% for those conditions considered less urgent but "clinically useful" to detect. Overall, the sensitivity was 85% and the specificity was 62%. In comparison, with the Lea Symbols visual acuity chart, a traditional vision screening test, more children were not testable (6%) and the sensitivity was lower (61% overall) while the specificity was higher (90%).
Recently, the American Association of Pediatric Ophthalmology and Strabismus recommended criteria for determining diagnostic accuracy of vision screening tests, which were different than those used in the previous evaluation. 10 Evaluation with these criteria might lead to different conclusions about the overall reported accuracy of screening. In addition to determining the accuracy of monocular autorefraction among preschoolaged children using these standards, we were also interested in the accuracy among younger children (Ͻ3 years), for whom formal screening is not recommended but may be beneficial. We also wanted to understand whether modification of the criteria for an abnormal screening result could lead to increased specificity without significantly lowering sensitivity.
METHODS

PARTICIPANTS
Patients were recruited between April 1, 2003, and October 31, 2003, from 2 offices of a university-affiliated pediatric ophthalmologist (E.M.L.). Children aged 0 to 5 years who were new patients to these clinics were eligible for participation. Informed consent was obtained from parents or guardians. This study was approved by the University of Michigan Medical School institutional review board, Ann Arbor.
MONOCULAR AUTOREFRACTION
Each child was screened by a study investigator-either an orthoptist (L.M.K. or J.L.J.) or a pediatric ophthalmologist (E.M.L.)-using SureSight. The screening followed the manufacturer's directions. 11 During screening, the device was held 35 cm from the eye to be screened. Once aligned with the eye, the device automatically takes 5 measures over approximately 3 seconds. The device evaluates for myopia and hyperopia, measured as diopters (D) of sphere, and astigmatism, measured as diopters of cylinder. There is a "child calibration" mode for use when screening children younger than 7 years, which adjusts the measure of spherical error and adds report of anisometropia, as measured by the difference in spherical equivalent [sphere D+½ (cylinder D)] between the 2 eyes. Children are identified for referral based on preset criteria (sphere of −1.0 D or less or +2.0 D or more; cylinder +1.0 D or more; or the difference in the spherical equivalent Ն1.0 D). The device also reports reliability of screening, based on agreement among the repeated measures. Up to 2 screening attempts were made. If the reliability score for both eyes was marginal or poor (Յ5 on a scale from 1 [worse] to 9 [best]), a second screening attempt was made; or if the reliability score for only 1 eye was marginal or poor (Յ5), the screener could rescreen either both eyes or only the eye with the low reliability score. If only 1 eye was rescreened, the difference in spherical equivalent was manually calculated.
COMPREHENSIVE EYE EXAMINATION
The comprehensive eye examination included evaluation of stereopsis and binocularity, ocular alignment, visual acuity and/or fixation preference, and cycloplegic refraction, as well as the findings of the dilated fundus examination and anterior segment examination. The nondilated portion of the examination was performed by 1 of 2 orthoptists (L.M.K. or J.L.J.) or a pediatric ophthalmologist (E.M.L.). The components of this portion of the examination were tailored to the age and ability of the child (eg, fixation preference by induced tropia test or visual acuity by Allen Pictures, HOTV Letters, or Snellen tests). The pediatric ophthalmologist was responsible for the dilated and medical portions of the comprehensive eye examination.
We used the criteria recommended by the American Association of Pediatric Ophthalmology and Strabismus for defining the specific factors that should be identified by screening and to define an abnormal examination result (anisometropia Ͼ1.5 D; any manifested strabismus; hyperopia Ͼ3.50 D; myopia Ͼ3.00 D; any media opacity Ͼ1 mm; astigmatism Ͼ1.5 D at 90°or 180°or Ͼ1.0 in oblique axis; ptosis Յ1-mm margin reflex distance; or visual acuity per age-appropriate standards). 10 Pearson 2 test statistic was used to assess for association between visual impairment and age.
TESTABILITY AND ACCURACY
A child was considered to be testable if both eyes had marginal or better reliability (Ն5) after 2 screening attempts. Sensitivity and specificity were determined by comparing screening results to the results from diagnostic evaluation. Testability was recalculated after discarding the first 10% of screenings to determine the effect of screener experience. Means and 95% confidence intervals (CIs), based on a binomial probability distribution, were calculated. Pearson 2 test statistic was used to assess for an association between visual impairment and testability and to determine if discarding the first 10% of screenings altered testability. t Tests were used to evaluate the associations between age and the mean reliability score.
fractor and the cycloplegic refraction. Logistic regression analysis was used to determine the association between a positive finding on each component of the screening test and the odds of having either a true-positive referral or a false-positive referral. These logistic regression models were adjusted for the child's age.
EVALUATION OF RELIABILITY SCORE AND REFERRAL CRITERIA
We evaluated the effect of increasing the minimum acceptable reliability score on testability and accuracy. We also evaluated the effect of modifying the manufacturer's referral criteria by developing a receiver-operator characteristic (ROC) curve to understand the trade-off between sensitivity and specificity. To generate the ROC curve, we modified those criteria most strongly associated with false-positive referrals based on the logistic regression analysis. The area under the ROC curve was calculated as another measure of test accuracy, as recommended for the evaluation of vision screening tests.
10
STATISTICAL ANALYSIS
All statistical analyses were performed with Stata 8.1 (StataCorp LP; College Station, Tex).
RESULTS
PARTICIPANT SELECTION AND CHARACTERISTICS
There were 176 children eligible for participation in this study, of which 170 (97%) enrolled. Among the participants, 80 (47%) were in the younger group (Ͻ3 years old) and 90 (53%) were in the older group (3-5 years old). Overall, 36% of the children had an abnormal comprehensive eye examination result (Table 1) . Amblyopia, based on the comprehensive eye examination result, was more common among children aged between 3 and 5 years than among the younger children. The overall prevalence of refractive error and strabismus did not vary by age.
Among the 30 children with strabismus, 13 (43%) did not have a refractive error. These 13 children were evenly distributed by age (Ͻ3 years, n = 6; 3-5 years, n=7). Six (46%) of these 13 children also had amblyopia.
TESTABILITY AND ACCURACY
Overall, 68% (n = 115) of the children were successfully tested according to the minimum reliability score recommended by the manufacturer ( Table 2) . Older children were much more likely to be successfully tested than younger children (84% vs 49%, PϽ.001). Most children who were successfully screened (75%) required only 1 screening attempt. This did not vary with age (P =.60). Discarding the first 10% of screening attempts did not alter testability (P = .51).
The overall mean (SD) reliability score was 7.0 (0.9). The mean reliability score was higher for older children compared with younger children (7.2 vs 6.6; PϽ.001). The mean reliability was lower among those with an abnormal examination result for both children younger than 3 years (6 vs 6.7, P = .02) and those aged between 3 and 5 years (6.9 vs 7.3, P = .03).
Among those children who were testable, the overall sensitivity was 85% (95% CI, 69%-95%) and specificity was 52% (95% CI, 40%-63%). There were no statistically significant differences between sensitivity or specificity by age (Table 2) . However, the 95% CIs around the measurements of test accuracy for the children younger than 3 years were large because of their lower testability.
Among the children with strabismus with no refractive error (n=13), 8 (62%) were testable, of whom the device flagged 5 as having abnormal results. The sensitivity for isolated strabismus was 63% (95% CI, 24%-91%).
ASSOCIATION BETWEEN NONDILATED AUTOREFRACTION AND DILATED REFRACTION
The correlations between the components of monocular autorefraction and the corresponding components of the dilated manual refraction were similar: right sphere, 0.51 D, PϽ.001; left sphere, 0.58 D, PϽ.001; left cylinder, 0.62, PϽ.001; right cylinder, 0.61, PϽ.001; the difference in spherical equivalent between each eye was 0.44, PϽ.001.
Levels of sphere or cylinder or differences in spherical equivalent between each eye at or exceeding the manufacturer's threshold were associated with greater odds of an abnormal result on a comprehensive eye examination (Table 3) . However, exceeding the manufacturer's threshold for cylinder was associated with more than a 9-fold increase in the odds of having a false-positive result (Table 3) . *Data are listed as mean (95% confidence interval). †The manufacturer recommends a minimum reliability score of 5 on a scale of 1 (worse) to 9 (best).
EVALUATION OF RELIABILITY SCORE AND REFERRAL CRITERIA
Increasing the minimum acceptable reliability score further decreased the proportion of the younger children who could be tested (Table 2) ; therefore, we did not have sufficient statistical power to accurately determine the effect of increasing the acceptable reliability score on test accuracy among younger children (Table 2) . Increasing the minimum reliability score to 6 for the older children had no statistically significant effect on testability, sensitivity, or specificity. Increasing the score to 7 decreased the proportion of older children who were testable by 47% (Table 2) . Findings from the logistic regression models suggest that increasing the threshold for referral based on the cylinder component would increase test specificity. We generated an ROC curve (Figure) based on the manufacturer's criteria for referral (point 1), increasing the cylinder threshold to +1.4 D or higher (point 2), omitting the cylinder criteria altogether (point 3), and basing referral only on the difference in spherical equivalent (point 4). The area under the ROC curve was 0.79 (95% CI, 0.70-0.88). Increasing the threshold for cylinder referral (point 2) increased the point estimate for specificity to 68% from 52% and decreased the point estimate for sensitivity to 79% from 85%. These differences were not statistically significant, however.
COMMENT
In this study, most of the children 3 to 5 years of age were testable with the monocular autorefractor, and most, but not all, cases of visual impairment were detected. The low specificity suggests that monocular autorefraction in the primary care practice setting would lead to a large number of false-positive referrals. We identified revisions to the manufacturer's referral criteria that may decrease the number of false-positive referrals; however, implementing these criteria may cause some cases to be missed.
The sensitivity and specificity that we observed when testing children aged 3 to 5 years were similar to these previously reported. However, the proportion of children who could be successfully tested was lower (84% vs Ͼ99%). Although this difference may be because of differences in training, greater experience with the device in our study was not associated with increased testability.
Within our sample, monocular autorefraction identified for referral some of the children who had strabismus with no refractive error. Because monocular autorefraction cannot identify strabismus, these important referrals were likely a result of the low specificity of the device. A separate test of stereopsis (eg, the RandomDot stereo E test) to identify isolated strabismus may be useful in conjunction with monocular autorefraction. However, increasing the number of vision screening tests would increase the difficulty of screening and the number of false-positive referrals.
Current screening recommendations call for preschoolaged children to be assessed with a test of visual acuity and a test of stereopsis. 4 There are no high-quality data regarding the accuracy of this combined testing strategy to compare with our findings regarding monocular autorefraction.
Our study findings suggest that monocular autorefractor has limited usefulness for screening children younger than 3 years. Because of the low testability rate, more cases of visual impairment would be missed than identified, and there would be an even larger number of false-positive referrals.
The major limitation of our study is that the device was evaluated in ophthalmology clinics, not in the primary care practice setting. We chose to evaluate the device in this setting to increase the feasibility of the study because all children were already slated to receive a comprehensive eye examination and because screening in a high-prevalence setting decreases the required sample size. There are 3 ways that evaluation in an ophthalmology clinic may bias the findings from this study. First, this study may overestimate the proportion of children who are testable because those doing the screening were familiar with vision screening and may have better strategies to optimize the vision screening process than those in a busy primary care practice setting. Second, the higher prevalence of visual impairment in ophthalmology clinics may bias measures of accuracy. 12 Third, those performing the comprehensive eye examination were not masked to the outcome of screening. Because of the low specificity of screening, we do not feel that this knowledge significantly biased the examination.
Based on the available data, it is challenging to make a vision screening strategy for use in pediatric clinics. Few data are available regarding the accuracy of vision screening tests, and none of these data were collected in the primary care setting. 9, 13 To ensure best visual outcomes while preserving limited health care resources, future studies are needed to evaluate the outcomes of preschoolaged vision screening as implemented in the primary care setting, including assessment of the relative costeffectiveness of the various available strategies. 
